ABSTRACT
INTRODUCTION
Angiogenesis, formation of new capillary blood vessels, is essential during development and in physiologic conditions such as wound healing and the menstrual cycle (1) . However, prolonged and excessive angiogenesis has been implicated in different pathologic processes, e.g., tumor growth (2) (3) (4) (5) . Blood vessel formation in the body is tightly regulated by a number of positive and negative factors. The tyrosine kinase receptor ligands, fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF), are examples of extensively studied stimulators of angiogenesis (6 -8) . The positive signals for blood vessel formation are counteracted by antiangiogenic molecules, among which endostatin (9) is one of the best characterized (see ref. 10 
for review).
Endostatin constitutes the COOH-terminal 20,000 Da proteolytic fragment of collagen XVIII (9) . Treatment with endostatin has been shown to inhibit or reduce tumor growth in several experimental animal models (10) . Endostatin is present in plasma (10), platelets (11) and the basement membrane of blood vessels (12) , where it can bind extracellular matrix proteins such as fibulin-1 and -2 (13) . In a recent study by Yu et al. (14) , the leukocyte adhesion antigen Eselectin was shown to be required for the antiangiogenic effect of endostatin in vivo and to confer endostatin sensitivity to nonresponsive endothelial cells in vitro. Endostatin has also been shown to interact with heparin/heparan sulfate (15) linked, e.g., to the heparan sulfate proteoglycans glypican-1 and -4 (16) and with ␣5␤1 integrins (17) . Several studies show that ␣5␤1 is an important mediator of the antiangiogenic effect of endostatin (18 -20) . A critical role for heparin/heparan sulfates in endostatin-induced inhibition of angiogenesis has also been reported previously (15, 21) , and heparan sulfate proteoglycans have been shown to mediate the downstream intracellular signaling events induced by endostatin (19, 21) . However, there is one report stating that VEGF-induced chemotaxis of endothelial cells, a commonly used surrogate assay for angiogenesis, is inhibited by mutated endostatin lacking heparin-binding ability (22) . These apparent discrepancies with respect to the significance of heparin/heparan sulfates for the angiogenic response may be attributable to the use of different angiogenic stimuli (FGF versus VEGF) or the choice of angiogenesis assay.
In this study we have further investigated the role of the heparin/ heparan sulfate-binding motifs in endostatin for its antiangiogenic function, both in vitro and in vivo. Two heparin-binding sites have been identified in endostatin; a major (arginines 155/158/184/270) and a minor (arginines 193/194; ref. 15, 23) . The heparin binding to endostatin is mediated via a unique sequence in the heparin/heparan sulfate chain (24) . By using mutated forms of endostatin, lacking either of the heparin-binding sites, we show that only the minor heparin-binding site (R193/194A) is critical for the ability of endostatin to inhibit both FGF-2-and VEGF-A-induced angiogenesis in the chicken chorioallantoic membrane (CAM). Administration of a synthetic peptide corresponding to a stretch covering amino acid residues R193/194 [peptide 180 -199/wild-type (wt)], but not of a mutated R193/194A peptide [peptide 180 -199/mutant (mut)], led to reduced vascularization of mouse fibrosarcoma in C57BL6/J mice. Vascularization of human pancreatic tumors in nude mice was also reduced after treatment with peptide 180 -199/wt, compared with treatment with peptide 180 -199/mut. Thus, these studies define the minimal active domain of endostatin in its antiangiogenic action.
MATERIALS AND METHODS
Endostatin Mutants and Synthetic Peptides. Wild-type endostatin as well as the mutants R158/184/270A and R193/194A were produced by expression in human embryonic kidney 293-Epstein-Barr virus nuclear antigen cells, as described previously (13) . Briefly, a mouse endostatin vector was used that also served as a template to introduce single to triple point mutations by appropriate pairs of overlapping oligonucleotides and fusion PCR (25, 26) . Recombinant protein was purified by heparin-Sepharose and Superose 12 chromatography, from serum-free culture medium conditioned by transfected 293-Epstein-Barr virus nuclear antigen cells. A full description of the proteins is given in (15) . Recombinant human endostatin (EntreMed Inc.) produced in Pichia pastoris was used in the animal studies. All endostatin preparations were tested for endotoxin activity and were found to be essentially free of contamination.
Peptide 180 -199/wt is a synthetic peptide corresponding to amino acids 180 -199 of human endostatin and has the following sequence: FLSSRLQDL-YSIVRRADRAA-COOH. A peptide where arginine residues 193 and 194 were substituted for alanine was also synthesized (peptide 180 -199/mut). The peptides were purchased from AnaSpec Inc. Amino acid residue numbers refer to the entire noncollagenous domain of 315 amino acid residues, where endostatin constitutes residues 132-315.
Cell Culture. Primary bovine adrenal cortex capillary endothelial (BCE) cells were cultured on gelatin-coated dishes in DMEM/10% newborn calf serum, 2 ng/mL FGF-2 (PeproTech, Inc., Rocky Hill, NJ). Media and serum were from Life Technologies, Inc. (Rockville, MD). For chemotaxis assays, BCE cells were serum-starved over night in 0.5% newborn calf serum.
Chorioallantoic Membrane Assay. The conditions for the chorioallantoic membrane (CAM) assay were as described previously (21, 27) . FGF-2 (Boehringer Mannheim, Ingelheim, Germany) and VEGF-A (PeproTech, Inc.) were used at 0.2 g/filter, endostatin was used at 0.3, 3, or 15 g/filter, and endostatin mutants were used at 3 or 15 g/filter. Ten-day-old embryos were used, and the treatment period was 3 days. The treated CAMs were inspected in a light microscope, and the score, from 1 (low) to 4 (high) was based on the number of vessel branch points. Average values for five to eight embryos per treatment were recorded.
Chemotaxis Assay. Chemotaxis assays were performed using a modified Boyden chamber as described previously (28), with 8-m micropore polycarbonate filters (PFB8 -50, Neuro Probe Inc., Gaithersburg, MD) coated with type-1 collagen solution at 100 g/mL (Vitrogen 100, Collagen Corp., Palo Alto CA). BCE cells that had been starved over night in 0.5% newborn calf serum were trypsinized and resuspended at 7.5 ϫ 10 5 cells/mL in DMEM, 0.25% BSA, and Trasylol at 1,000 kallikrein-inactivating units (KIU). The cell suspension was added in the upper chamber and growth factors, FGF-2 (10 ng/mL; PeproTech, Inc.) or VEGF-A (10 ng/mL, PeproTech, Inc.), in the lower chamber. Endostatin, endostatin mutants, and synthetic peptides were added both in the upper and in the lower chamber at indicated concentrations. After 5 hours at 37°C, we stained cells that had migrated through the filter with Giemsa and counted them using the "Easy Image Analysis" software (Tekno Optik AB, Skärholmen, Sweden). All samples were analyzed in at least six wells for each treatment and at several separate occasions. We calculated the significance at the level of P Ͻ 0.05 using Student's t test.
Animal Studies. Animal work was approved by the Uppsala University board of animal experimentation and thus done according to the UKCCCR guidelines for the welfare of animals in experimental neoplasia (29) . The mice were anesthetized with isoflurane (Forene, Abbott Laboratories, Abbott Park, IL) during all manipulations.
For the fibrosarcoma study, 5-week-old female C57BL6/J mice (Mølle-gaard-Bomholtgaard, Ry, Denmark) were injected with 0.5 ϫ 10 6 T241 fibrosarcoma cells subcutaneously into the left flank. Animals carrying palpable tumors (approximately 50 mm 3 ) were randomized (n ϭ 5-6 animals/ treatment group) and received treatment with endostatin or either of the two synthetic peptides (180 -199/wt and 180 -199/mut), all at 25 mg/kg/day. Human IgG was used as control. The treatments were given as daily subcutaneous injections in the right flank for 11 days. The tumors were measured with a caliper once a day, in a blind procedure, and volumes were calculated by the formula /6 ϫ width 2 ϫ length. For the pancreatic carcinoma study, 6-week-old female Fox Chase SCID mice were injected subcutaneously with 2.5 ϫ 10 6 BxPC3 pancreatic carcinoma cells. When tumors had reached a size of approximately 100 mm 3 , the animals were randomized (n ϭ 10 animals/treatment group) and treatment with 180 -199/wt and 180 -199/mut, at 25 mg/kg/day, was initiated. We delivered the peptides using mini-osmotic pumps implanted intraperitoneally. The type of pump used in these experiments (1007D, ALZET, Cupertino, CA), distributes 0.5 L/hour for 7 days. The length of the treatment period at the specified dose required a change of the osmotic pump after one week of treatment, i.e., in total three surgical procedures on each mouse in the study. The tumors were measured with a caliper, in a blind procedure, and volumes were calculated by the formula /6 ϫ width 2 ϫ length. One animal in each treatment group was euthanized during the study because of peritoneal infection. At least three animals in each treatment group from both the T241 and the BxPC3 study were perfused with 4% paraformaldehyde in PBS (pH 7.4; T241) or 4% paraformaldehyde in 300 mOsm Millonigbuffer (pH 7.4; BxPC3). Tumors were embedded in paraffin according to standard histologic procedures and sectioned at 3 m.
CD31 Staining and Quantification of Vascular Parameters. Paraffin sections of T241 fibrosarcoma tumors were stained immunohistochemically using a goat antimouse CD31 antibody (1506, Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:500, and incubated at 4°C over night. Detection of the primary antibody binding sites was done with a biotinylated antigoat antibody (BA-5000, Vector Laboratories, Burlingame, CA) and streptavidinhorseradish peroxidase (SA-5004, Vector Laboratories) with an amplification step (TSA Biotin System, Perkin-Elmer, Fremont, CA). We visualized the enzymatic signal using 3-amino-9-ethylcarbazole peroxidase substrate kit (SK-4200, Vector Laboratories). BxPC3 pancreatic carcinoma tumors were stained using the same CD31 antibody as above but diluted 1:50 and incubated at 4°C over night. Detection of the primary antibody binding sites was done with the same biotinylated antigoat antibody as above, together with avidin-biotin complex method complex/horseradish peroxidase kit (K0355, Dako). We visualized immunoreactivity using 3-amino-9-ethylcarbazole peroxidase substrate kit (above). Stereological quantification of vascular parameters was done as described previously (30) . We calculated significance at the level of P Ͻ 0.05/0.1 using Student's t test.
RESULTS

Endostatin Inhibits FGF-2-and VEGF-A-Induced Angiogenesis in the Chicken Chorioallantoic Membrane via Distinct
Heparin-Binding Motifs. Angiogenesis in the chicken CAM of 10-day-old chicken embryos was stimulated by application of FGF-2 and VEGF-A ( Table 1 ). The extent of the angiogenic response was estimated by scoring on a scale from 1 to 4, according to Friedlander et al. (27) . Endostatin (ES) efficiently inhibited FGF-2-induced CAM angiogenesis at a 10-fold molar excess (3 g) but had no effect on VEGF-A-induced angiogenesis at this dose. When increasing the endostatin dose to 15 g/CAM, the VEGF-A-induced angiogenic response was decreased although not completely suppressed. To examine the role of the heparin-binding ability of ES for the antiangiogenic effect, we analyzed the characteristics of two endostatin mutants using the CAM assay. The mutant R158/184/270A lacks the major heparin-binding site, which confers most of the heparin-binding ability. The other mutant, R193/194A, lacks the minor heparin-binding site. When tested on FGF-2-stimulated CAM angiogenesis, the R158/ 184/270A mutant showed loss-of-function characteristics and failed to inhibit the angiogenic response when added at 3 g/CAM. However, the R158/184/270A mutant still inhibited VEGF-A-stimulated angiogenesis with similar efficiency as wild-type ES, when added at 15 g/CAM. In contrast, the R193/194 heparin-binding mutant failed to inhibit both FGF-2-and VEGF-A-induced angiogenesis. These results indicate that the heparin-binding ability of endostatin conferred by the minor heparin-binding site (R193/194) is critical for its antiangiogenic effect in the CAM.
Effect of the R193/194A Endostatin Mutant on Endothelial Cell Chemotaxis. To further investigate the role of the arginine residues at position 193/194 in endostatin for its inhibitory effect on FGF-2-and VEGF-A-stimulated endothelial cells, we did chemotaxis assays using primary BCE cells. FGF-2 induced a close to 2-fold increase in (Fig. 1A) , as previously shown (31) . The R193/194A mutant on the other hand failed to inhibit the FGF-2-induced chemotaxis. VEGF-A stimulated a slightly stronger chemotactic response of BCE cells compared with FGF-2, which was blocked in the presence of endostatin at 100 ng/mL ( Fig. 1B; refs. 22 and 24) . The R193/194A mutant exerted a slight suppression of VEGF-A-induced chemotaxis; however, the migratory response was still evident compared with the basal condition. These results indicate that the 193/194 heparinbinding site in endostatin is an important mediator of its inhibitory effect on endothelial cell chemotaxis.
Peptide Encompassing Amino Acid Residues 180 -199 in Endostatin Mimics the Effect of Full-Length Endostatin on Chemotaxis. Because the 193/194 arginine residues in endostatin were essential for inhibition of FGF-2-induced CAM angiogenesis and chemotaxis of primary endothelial cells, we tested a synthetic, 20 amino acid residue peptide corresponding to residues 180 -199 in endostatin (peptide 180 -199/wt), for its effect on BCE cell chemotaxis. Cells were stimulated to migrate toward FGF-2 in the presence or absence of peptide 180 -199/wt, at 10 or 100 ng/mL. The higher concentration of peptide was required to block FGF-2-induced chemotaxis of BCE cells (Fig. 1C) . A second peptide in which the two arginine residues at positions 193/194 were replaced by alanine (peptide 180 -199/mut), was unable to inhibit FGF-2-induced chemotaxis of BCE cells at 100 ng/mL (Fig. 1D) . These results show that amino acids 180 -199 in endostatin are sufficient for mediation of the inhibitory effect of endostatin on FGF-2-induced chemotaxis of primary endothelial cells and that the arginine residues in position 193/194 are required for this inhibition.
Effect of Peptide 180 -199 on Fibrosarcoma Growth and Vascularization.
On the basis of the critical role of arginines 193/194 in endostatin for its antiangiogenic effect, as judged by one in vitro and one semi-in vivo model, we decided to test the effect of peptide 180 -199 on tumor growth and vascularization in vivo. C57BL6/J mice were inoculated subcutaneously with T241 fibrosarcoma cells on their left flank and when the tumors were palpable (ϳ50 mm 3 ) after 4 to 6 days, a daily treatment was initiated with endostatin, peptide 180 -199/wt and peptide 180 -199/mut, all at 25 mg/kg/day. Although this represents a higher molar concentration of peptide, the same dose of endostatin and peptides was chosen for the tumor treatments. This decision was based on the fact that 100 ng/mL of peptide 180 -199/wt was required to inhibit FGF-2-induced chemotaxis of endothelial cells (Fig. 1C) , the same concentration as for endostatin. Human IgG was used as a control. The treatments were given as subcutaneous injections in the right flank for 11 days. No effect on tumor growth was seen during this period of treatment ( Fig. 2A) .
Tumor material was fixed and embedded in paraffin for sectioning. During this process the tumors were divided in two (Fig. 2B) . This revealed that tumors from mice treated with peptide 180 -199/wt were much whiter in appearance than tumors from mice treated with peptide 180 -199/mut (Fig. 2B) , possibly because of reduced vascularization. Immunohistochemical staining against CD31 on tumor sections from the four treatment groups indeed showed different patterns of vascularization (Fig. 2C) . Tumors from control mice had large dilated vessels present throughout the tissue. This was in contrast to tumors from mice treated with endostatin or peptide 180 -199/ wt, which displayed fewer vessels of a smaller diameter. The vessels in tumors from mice treated with peptide 180 -199/mut appeared significantly larger than those from mice treated with endostatin or peptide 180 -199/wt (Fig. 2C) .
We quantified vascular parameters as described previously (30) on three different tumors from each treatment group. This method of quantifying tumor angiogenesis relates the length, volume, and surface area of the vessels to tumor volume. The results show that all three vascular parameters determined in tumors from endostatintreated mice were reduced (Fig. 2D) . The effect on vessel volume was most striking, with a 90% reduction in tumors treated with full-length endostatin or the 180 -199/wt peptide compared with control treatment. In contrast, vascularization of tumors from mice treated with peptide 180 -199/mut was not changed significantly from the control. Effect of Peptide 180 -199 on Pancreatic Carcinoma Growth and Vascularization. Because peptide 180 -199 had no effect on T241 fibrosarcoma growth but reduced tumor vascularization in the same model, we decided to further test the effect of peptide 180 -199/wt and peptide 180 -199/mut in a slow-growing tumor model, BxPC3 human pancreatic carcinoma. SCID mice were inoculated subcutaneously with BxPC3 pancreatic carcinoma cells on their left flank, and when the tumors had reached a size of approximately 100 mm 3 (after 2 weeks), treatment was initiated. Continuous delivery of endostatin with mini-osmotic pumps implanted intraperitoneally in mice has been shown to be more efficient and to require a lower dose to achieve the same antitumor effect, as compared with a single daily bolus administration of endostatin in this tumor model (32) . We therefore used mini-osmotic pumps to administer the two peptides at 25 mg/kg/day for 3 weeks. Because peptide 180 -199/mut did not have any significant effects either on chemotaxis (Fig. 1D) or on tumor vascularization (Fig. 2D) , it was considered a control treatment. Mean tumor volumes from the two treatment groups are shown in Fig.  3A . Figure 3B shows individual tumor volumes from the two treatment groups. Treatment with peptide 180 -199/wt resulted in a large spread in tumor volume from complete regression to efficient and rapid growth. In contrast, tumors from mice treated with peptide 180 -199/mut displayed a rather homogenous size (Fig. 3B) . Because of the large spread in tumor volume in the group treated with peptide 180 -199/wt, there was no statistically significant difference in tumor volume between the groups. Four tumors from each treatment group with volumes close to the mean (see bar in Fig. 3B ) are shown in Fig. 3C .
We did immunohistochemical staining for CD31 on tumor sections from three different tumors from each treatment group. Quantification of length, surface area, and volume of the tumor vessels (as described above) again revealed a decreased tumor vascularization in mice treated with peptide 180 -199/wt compared with peptide 180 -199/mut (Fig. 3D) . On the basis of these results, we conclude that the arginine residues in positions 193 and 194 in endostatin are important for the antiangiogenic effect of endostatin.
DISCUSSION
There are two heparin-binding sites in endostatin; a major site encompassing arginine residues 155/158/184/270 and a minor including arginines 193/194 (15, 23) . Our data show that inhibition of FGF-2-induced CAM angiogenesis by endostatin was dependent on both the major and the minor heparin-binding site, whereas inhibition of VEGF-A-induced CAM angiogenesis was dependent only on the minor heparin-binding site. These data in combination with our previous study (33) indicate that endostatin inhibits vessel formation stimulated by FGF and VEGF through overlapping but distinct mechanisms, probably reflecting differences in the endothelial cell surface protein expression in response to the two growth factors. The fact that the major heparin-binding site was critical for the mechanism of action of endostatin only in FGF-2-treated cells implies a high degree of specificity in the interaction between endostatin and heparin/ heparan sulfates on the endothelial cell surface. This is supported by the specific structure of the heparin/heparan sulfate domain implicated in endostatin binding (24) .
Our data that heparin binding is important in the function of endostatin as an angiogenesis inhibitor agree with and extend our previous reports (21, 33) as well as those by Wickström et al. (19, 34) . Wickström et al. have implicated the two major suggested cell surface targets of endostatin (integrin ␣5␤1 and heparan sulfate) in its antiangiogenic action, by showing that both integrin ␣5␤1 and heparan sulfate proteoglycan are required for localization of endostatin to lipid rafts. This localization is in turn critical for the downstream signaling events induced by endostatin, such as down-regulation of RhoA activity (19) and disassembly of the actin cytoskeleton (19, 21) .
We investigated the antiangiogenic properties of a synthetic peptide of human endostatin, including arginines 193/194. This peptide (peptide 180 -199/wt), but not a mutant R193/194A peptide (peptide 180 -199/mut), inhibited FGF-2-induced chemotaxis of primary endothelial cells. Furthermore, in vivo vascularization of highly aggressive fibrosarcoma tumors was decreased by treatment with peptide 180 -199/wt. In contrast, tumor vascularization in animals treated with the 180 -199/mut peptide was not significantly different from that in tumors from control-treated animals. However, we cannot exclude that antiangiogenic effects, independent of the heparin binding, are mediated by this stretch in endostatin. That would be in agreement with the partial reduction in VEGF-A-induced chemotaxis by the full-length endostatin mutant R193/194A (Fig. 1B) . Although tumor vascularization was substantially reduced after endostatin or peptide 180 -199/wt treatment of mice bearing T241 fibrosarcoma, no effect was seen on tumor growth during the treatment period. Tumor vessels are known to be dysfunctional, and it is possible that a considerable part of the tumor vasculature is dispensable. Even so, it is surprising that the 90% decreases in vessel parameters induced by endostatin or the 180 -199 wt peptide (see Fig. 2D ) did not arrest growth of the tumors. For ethical reasons, the tumor study had to be interrupted; it is possible that a larger tumor burden would have been more dependent on the vessel supply.
Tumor vascularization differed also between mice with pancreatic carcinomas (BxPC3), treated with either peptide 180 -199/wt or peptide 180 -199/mut. Again, animals treated with the mutant R193/194A peptide displayed a significantly higher degree of tumor vascularization compared with mice treated with peptide 180 -199/wt. Tumor volumes in the group treated with peptide 180 -199/mut showed small deviations from the mean. However, in the group treated with peptide 180 -199/wt, tumor volumes ranged from large to almost regression. Why some of the tumors responded to treatment with peptide 180 -199/wt, whereas some did not, is unclear. Thus, although vascularization was reduced in both T241 and BxPC3 tumors after treatment with peptide 180 -199/wt, a tendency for effect on tumor volume was observed only in the BxPC3 pancreatic carcinoma model. Endostatin is known to be a less potent inhibitor of tumor growth in fast-growing experimental models such as T241 (32) . Furthermore, in the BxPC3 study, intraperitoneal mini-osmotic pumps were used for an even delivery of endostatin. This strategy has been shown to yield a more efficient treatment and to require a lower dose to achieve the same antitumor effect than a single daily bolus administration of endostatin (32) .
There are other recently published studies reporting antiangiogenic effects of endostatin-derived peptides (34 -37) . Interestingly, the 11 amino acid long peptide (ES-2) used by Wickström et al. has a nine residue overlap with peptide 180 -199 used by us, and includes R193/194. ES-2 was shown to bind to endothelial cells via ␤1-and heparin-dependent mechanisms, inducing cytoskeletal rearrangements and inhibition of FGF-2-induced chemotaxis at concentrations in the milligram range. These effects were dependent on the heparin-binding R193/194 in the peptide (34) . The motif required for integrin-binding of the ES-2 peptide was not identified. Endostatin-derived peptides of approximately 40 to 50 amino acids, covering nearly the entire sequence of endostatin, have been tested for antiangiogenic activity 37) . Two studies that used identical endostatin-derived fragments (35, 36) show that the most NH 2 -terminal and COOH-terminal fragments of endostatin confer antiangiogenic activity. A third study using similar peptides show antiangiogenic activity only of the COOHterminal fragment (37) . None of the peptides that were reported to be antiangiogenic covered the minor heparin-binding site. The reason for the discrepancy between these results on one hand, and those reported in this study and by Wickström et al. on the other, is not clear. However, the significantly longer peptides used, compared with peptide 180 -199 (20 amino acids) and ES-2 (11 amino acids), could affect folding and the secondary structure of the peptides. Both from a mechanistic and clinical perspective, it would be interesting to find the shortest possible endostatin-derived peptide that still retains the antiangiogenic and antitumorigenic activity.
